ated with measles antibody levels in our previous study were associated with IFN-␥ Elispot (p = 0.04) and IL-10 responses (p = 0.0008), respectively, in this study. We found associations between haplotypes, AACGGAATGGAAAG (p = 0.009) and GGCCGAGAGGAGAG (p ! 0.001), in the CD46 gene and TNF-␣ secretion. Conclusion: Understanding the functional and mechanistic consequences of these genetic polymorphisms on immune response variations could assist in directing new measles and potentially other viral vaccine design, and in better understanding measles immunogenetics.
cellular immunity is important for the clearance of MV [3] . While MV vaccine induces both humoral and CMI responses, the duration of protective immunity is shorter than that of acquired immunity during infection with wild-type virus [2] .
MV interacts with two known cellular receptors -CD46 (a complement regulatory protein) and SLAM (signaling lymphocyte activation molecule, CDw150) [4] [5] [6] . CD46 and SLAM act as cellular receptors for laboratoryadapted and vaccine strains [7] [8] [9] , while wild-type MV strains preferentially utilize SLAM as a receptor [5, 10] . CD209 does not support MV entry but acts as a pathogen recognition receptor [11] . SLAM is expressed on T-cell subsets, thymocytes, activated dendritic cells (DCs), macrophages, and some B cells [12, 13] , and when activated leads to T lymphocyte proliferation, IFN-␥ secretion, and antibody production from B cells [13] [14] [15] . Macrophages and DCs also express the C-type lectin receptor CD209, often referred to as DC-SIGN, which interacts with MV and augments infection of DCs [11] . SLAM and CD209 molecules are both implicated in DC infection and dissemination of MV [16] . Vaccine and wild-type MV strains infect host cells through the interaction of MV H protein with the V domain of the SLAM receptor [5, 17, 18] . Only six SNPs have been previously identified in the SLAM gene [19] . MV binds with the CD46 receptor via two extracellular short consensus repeats (SCR1 and SCR2) and triggers the IFN-type I signaling pathway [20, 21] . Expression of human CD46 in murine B cells increases MHC class II antigen presentation of both H and nucleocapsid (N) measles proteins suggesting an important role for the CD46 receptor in MV antigen presentation [22] . Notably, specific amino acid residues such as Arg59 in the MV-binding domain of CD46 receptor and Asn481 in the H protein of the MV are important for viral fusion and host cell entry [10, 23] . Hence, genetic polymorphisms in the CD46 receptor may influence receptor kinetics and function, and therefore subsequent immune responses.
In previous work based on 346 subjects, we reported several specific polymorphisms in CD46 (rs11118580 and rs2724384) and SLAM (rs3796504 and rs164288) genes that demonstrated an allele dose-response decrease in MV (Edmonston vaccine strain) antibody response [24] . The mechanisms by which these SNPs influence antibody response is unclear, but they could potentially influence CD46 and SLAM expression levels or the ratios of different isoforms of these proteins [24] .
We sought to replicate SNP associations found in that work by validating these associations in a new group of subjects. Associations between polymorphisms in the genes encoding CD46, SLAM and CD209 receptors and cellular immune responses to MV have not been reported in the literature. Because MV binding to these cellular receptors is the first step in infection and subsequently mounting an effective immune response, and because receptor function and kinetics are potentially influenced by specific point mutations in the MV binding domains, we hypothesized that SNPs in the CD46 and SLAM genes that influence MV binding or expression of these receptors may be associated with heterogeneity in humoral and CMI responses to measles vaccine. Thus, our follow-up study in a different population now allows us to study whether specific SNPs are reliable determinants of humoral immune responses to measles vaccine by replicating and confirming our prior findings. We examined associations between SNPs in the CD46, SLAM and CD209 genes and measures of measles vaccine-specific cellular (secreted cytokines and IFN-␥ Elispot cytokine-producing cells) immunity in a cohort of 764 healthy subjects after receipt of two doses of measles vaccine.
Participants and Methods

Study Participants
Our study cohort comprised a large sample of 821 individuals from two independent age-stratified random cohorts of healthy schoolchildren and young adults from all socioeconomic strata in Rochester, Minn., USA. Between December 2006 and August 2007, we enrolled 440 healthy children (age 11-19 years) in Rochester, Minn., USA (cohort 1), as previously published [25] [26] [27] [28] [29] . 388 parents agreed to let their children join the current measles vaccine study, and from these children we obtained a blood sample. In November 2008-September 2009, we enrolled an additional 376 healthy children (age 11-22 years) in Rochester, Minn., USA (cohort 2), and from these 376 children we also obtained a blood sample. All 764 participants had written records of having received two doses of measles-mumps-rubella (MMR, Merck) vaccine containing the further attenuated Edmonston strain of MV. The Institutional Review Board of the Mayo Clinic approved the study, and written informed consent was obtained from the parents of all children who participated in the study, as well as written assent from age-appropriate participants. Participant exclusions were made based on low genotype call rates (n = 19), leaving 745 subjects for final analysis.
Plaque Reduction Microneutralization Assay
Measles-specific neutralizing antibody levels (n = 744) were quantified using a high throughput fluorescence-based plaque reduction microneutralization (PRMN), as previously described [30, 31] . Heat-inactivated sera were diluted four-fold from 1: 4 to 1: 4,096 in Opti-MEM (Gibco, Invitrogen Corporation), mixed with an equal volume of low passage challenge virus MVeGFP (kind gift from Dr. Cattaneo, Mayo Clinic, Rochester, Minn., . Serum/MV mixtures (50 l) were transferred to a new 96-well plate and mixed with an equal volume of Vero cells in DMEM (Gibco, Invitrogen Corporation), containing 10% fetal bovine serum (FBS, HyClone). The brightly fluorescent green plaques (syncytia) were scanned and counted on an automated Olympus IX71 fluorescent microscope using the Image-Pro Plus Software version 6.3 (MediaCybernetics). The 50% end point titer (neutralizing dose, ND 50 ) was calculated using Karber's formula. The use of the 3rd WHO international measles antibody standard (3,000 mIU/ml, NIBSC code No. 97/648) enabled to converted ND 50 values into mIU/ml [30] .
Elispot Assay IFN-␥ Elispot responses were assessed by Elispot kits from R&D Systems (Minneapolis, Minn., USA), as previously described [31, 32] . Briefly, one aliquot of 5 ! 10 6 cryopreserved PBMCs was thawed, counted, and resuspended in RPMI medium with 5% FBS. Seven wells were plated with 2 ! 10 5 PBMCs per subject; three wells were supplemented with MV (MOI of 0.5), three wells were supplemented with RPMI medium to serve as negative controls, and one well was supplemented with 5 g/ml of PHA (Sigma). Plates were read with an ImmunoSpot S4 Pro Analyzer (CTL, Cleveland, Ohio, USA). The intraclass correlation coefficients (ICCs) comparing the multiple observations per subject were 0.94 for the stimulated values, and 0.85 for the unstimulated values, indicating reasonably high levels of measurement reliability.
Secreted Cytokines
Enzyme-linked immunosorbent assays (ELISA) were performed to measure the level of seven [IL-2 (n = 739), IL-6 (n = 737), IL-10 (n = 740), IFN-␣ (n = 734), IFN-␥ (n = 737), IFN -1 (n = 738), and TNF-␣ (n = 732)] cytokines secreted by PBMCs following in vitro stimulation with MV, as previously described [31] . The MOI and incubation time for each cytokine were as follows: IL-2, MOI = 0.5, 48 h; IL-6, MOI = 1.0, 72 h; IL-10, MOI = 0.5, 48 h; IFN-␣ , MOI = 1.0, 24 h; IFN-␥ , MOI = 1.0, 72 h; IFN -1, MOI = 1.0, 72 h; TNF-␣ , MOI = 1.0, 24 h. Cytokines IL-2, IL-6, IL-10, IFN-␥ , and TNF-␣ were measured using commercial kits from BD Biosciences (San Jose, Calif., USA), IFN-␣ was measured using kits from Mabtech (Cincinnati, Ohio, USA), and IFN -1 was measured using kits from R&D Systems. Cytokine-specific ICCs ranged from 0.65 (IL-2, unstimulated values) to 0.94 (IFN-␣ and IL-6, stimulated values).
Candidate Genes and SNP Selection
Using the same cohort of subjects, we have designed several other candidate gene studies, such as cytokine/cytokine receptor, vitamin A and D receptor, TLR and intracellular signaling genes and host antiviral genes that reflect separate and distinct specific aims, designed in advance for our ongoing population genetics study on measles vaccine response (submitted manuscripts) [31] . SNPs from two genes encoding MV receptors CD46 and SLAM and one gene encoding a pathogen recognition receptor CD209 (DC-SIGN or CLEC4G) were identified. SNPs within candidate genes, 5 kb upstream and downstream for each gene, were chosen based on the LD tagSNP selection algorithm [33] from the Hapmap Phase II (http://www.hapmap.org), Seattle SNPs (http://pga. mbt.washington.edu/) and NIEHS SNPs (http://egp.gs.washington.edu/), as previously described [24] . For each gene, we selected tagSNPs with a minor allele frequency (MAF) 6 0.05 and successful Illumina predictive genotyping scores based on a pair-wise linkage disequilibrium (LD) threshold of r 2 6 0.90 in both the Caucasian and African public source samples using ldSelect [33] . Additionally, a list of putative functional 'obligate' SNPs (coding: non-synonymous, synonymous and 5 or 3 untranslated regions, UTR) with a MAF 6 0.05 was provided to SNPPicker to choose in preference to other tagSNPs [unpubl. data]. A total of 66 SNPs were chosen based on this approach: SNPs belonging to CD46 gene (n = 20), SLAM SNPs (n = 23), and SNPs belonging to CD209 receptor protein (n = 23). The classification used for the description of the polymorphisms follows that described by den Dunnen and Antonarakis [34] .
Genotyping Methods
Sixty-six SNPs from three candidate genes were included in the two custom Illumina GoldenGate SNP panels (Illumina Inc., San Diego, Calif., USA) for 1,536 and 768 SNPs as part of a larger measles vaccine immunogenetic study [31] . Samples included 764 potentially eligible subjects with adequate DNA, a Coriel trio of CEPH controls (mother: NA10859, father: NA10858, daughter: NA11875) run in duplicate for each of the nine plates, and 13 wells without DNA. The replicate and inheritance data were used to review clustering. All SNPs had Illumina design scores 1 0.4, and all DNA samples were genotyped following the manufacturer's protocol, as previously described [25, 35] .
Genotype calls were made using the Genotyping module of BeadStudio 2 application. Illumina 10% GenCall scores 1 0.4 and SNP call rates 1 95% were used as laboratory quality control thresholds. Of the 66 SNPs considered, 3 failed the laboratory quality assurance because of failure to amplify, poor clustering, or low call rates. An additional 8 SNPs were excluded due to low MAF ( ! 0.01), yielding a total of 55 SNPs available for analysis.
Statistical Analysis
The statistical methods described herein are similar to those carried out for our previous genetic association publications [25, 31, 35] . The following outcomes were examined: seven measures of MV-specific in vitro cytokine secretion (IL-2, IL-6, IL-10, IFN-␣ , IFN-␥ , IFN -1, and TNF-␣ , each reported in pg/ml); a measure of CMI via MV-specific IFN-␥ cell frequencies (evaluated as a count variable using Elispot); and levels of neutralizing antibody levels (measured in mIU/ml). Assessments of cytokine secretion resulted in five recorded values per outcome prior to stimulation with MV and five values after stimulation. In contrast, CMI resulted in three recorded values prior to stimulation and three after stimulation. For descriptive purposes, a single response measurement per individual was obtained for each outcome by subtracting the median of the multiple unstimulated values from the median of the multiple stimulated values. Assessments of antibody levels resulted in only one recorded value per individual. Data based on these summary measures were descriptively summarized across individuals using frequencies and percentages for categorical variables, and medians and quartiles for continuous variables.
Observed genotypes were used to estimate allele frequencies for each SNP and departures from Hardy-Weinberg equilibrium (HWE) were assessed using either a Pearson goodness-of-fit test or, for SNPs with a MAF ! 5%, a Fisher exact test [36] . Estimates of pair-wise LD based on the D-prime statistic were obtained using Haploview software version 3.32 [37] . SNP associations with immune response outcomes were individually evaluated using linear regression models. Separate analyses were carried out for each outcome of interest. Simple linear regression was used for measles antibody levels, which had only one measured value per individual. Repeated measures approaches were implemented for the cytokine secretion and CMI variables, simultaneously modeling the multiple observed measurements. This was achieved by including the genotype variable in the regression model, together with a variable representing stimulation status. The resulting covariate reflecting the genotype-by-stimulation status interaction was then tested for statistical significance. These repeated measures models are similar to paired t-tests, in that they compare differences between the two stimulation states within each individual among groups of individuals defined by their SNP genotypes. In these models, we allowed for within-subject correlations without imposing any constraints on the nature of the correlations, using an unstructured within-person variance-covariance matrix. Tests of association assumed an ordinal SNP effect using simple tests for trend.
To further explore genomic regions containing statistically significant single-SNP effects for one or more outcomes of interest, we performed post-hoc haplotype analyses. Posterior probabilities of all possible haplotypes for an individual, conditional on the observed genotypes, were estimated using an expectationmaximization (EM) algorithm, similar to the method outlined by Schaid et al. [38] . This information was used to define haplotype design variables that reflected the number of each of the haplotypes that were expected to be carried by each subject. Analyses were performed on these haplotype design variables using the simple least squares regression approach for antibody levels and the repeated measures approach for the cytokine secretion described above. Because of the imprecision involved in estimating the effects of low-frequency haplotypes, we considered only those occurring with an estimated frequency of 1 1%. Differences in immune response among common haplotypes were first assessed globally and simultaneously tested for statistical significance using a multiple degree-of-freedom test. Following these global tests, we examined individual haplotype effects. The following were performed in the spirit of Fisher's protected least significant difference test; individual associations were not considered statistically significant in the absence of global significance. Each design variable (and, for the cytokine data, stimulation status and the corresponding interaction term) was included in a separate regression analysis, effectively comparing immune response levels for the haplotype of interest against all others combined. Due to phase ambiguity, haplotype-specific medians and interquartile ranges could not be calculated. Thus, descriptive summaries were represented using the t-statistics corresponding to the haplotype main effect term for antibody levels or the haplotype-by-stimulation status interaction term for cytokine secretion.
All of the association analyses described above were adjusted for age at enrollment, race, gender, age at first measles vaccination, age at second measles vaccination, and cohort status (cohort 1 vs. cohort 2) in order to account for their potential impact on the measured immune responses. Data transformations were used to correct for data skewness in all linear regression models. An inverse normal transformation was used for all CMI outcome variables, and a log transformation was used for the antibody response measure. Because many of these SNPs have not previously been examined with regard to measles immune response, we considered all results with uncorrected p values ! 0.05 as potentially worthy of additional follow-up. However, formal statistical significance was determined after consideration of the number of statistical tests using a Bonferroni correction. All statistical tests were two-sided and, unless otherwise indicated, all analyses were carried out using the SAS software system (SAS Institute, Inc., Cary, N.C., USA).
Results
Characteristics of Study Participants
The demographic characteristics of the study subjects are presented in table 1 . The median age of the study cohort was 15 years. The majority of the cohort was Caucasian (n = 598, 80.3%) with 56% males; 11.9% (n = 89) were African-Americans, and all subjects were vaccinated with the age-recommended two doses of MMR vaccine. The median age at the first and second immunization was 15 months and 5 years, respectively. Median values (25th, 75th percentiles) for all laboratory measures of measles vaccine immunity results (neutralizing antibodies, IFN-␥ Elispot, IL-2, IL-6, IL-10, IFN-␣ , IFN-␥ , IFN -1, and TNF-␣ ) are indicated in table 2 .
Associations between SNPs in CD46 and CD209 Genes and Humoral Responses
Because our study subjects were racially diverse, genotyping data were analyzed for the combined cohort of subjects (n = 745), and in addition separately for the Caucasian (n = 598) and African-American (n = 89) subgroups. Significant associations were found between two intronic SNPs (D = 0.01) located in the CD46 gene and measles-specific neutralizing antibody levels ( table 3 ) . Augmented representation of the minor allele G for an intronic SNP (rs2724384) of the CD46 gene was associated with an allele dose-related decrease (978 vs. 522 mIU/ml, p = 0.0007) in measles-specific antibody response. This result for rs2724384 was consistent with the data obtained in our prior measles vaccine study [24] . No associations were observed between the other 11 SNPs in the CD46 and SLAM genes and measles antibodies that were statistically significant in our previous study. The occurrence of heterozygous genotype AG for an intronic SNP (rs11118516, not previously examined) of the CD46 gene was associated with an increase in median antibody levels (1,069 vs. 807 mIU/ml, p = 0.016) compared with wild-type GG. We found associations between three promoter SNPs (rs8112310, p = 0.033; rs735239, p = 0.039, D = 0.87, and rs12611071, p = 0.044) located in the CD209 (DC-SIGN) gene on chromosome 19 and variations in measles antibody levels. As expected, in both the Caucasian and AfricanAmerican subjects we observed reproduced associations (already identified in the combined cohort of study subjects) for the intronic SNPs in the CD46 gene rs2724384 (p = 0.0008 in the Caucasian subgroup) and rs11118516 (p = 0.003 in the African-American subgroup), and these minor alleles were associated with an allele dose-related decrease and increase, respectively, in antibody levels. Two out of the three SNPs found in the combined cohort (CD209 gene promoter rs8112310, p = 0.050, and rs12611071, p = 0.030) demonstrated associations with measles vaccine-induced humoral immune response in the Caucasian subgroup.
Associations between SNPs in the CD209 and SLAM Genes and Cellular (IFN-␥ Elispot) Responses
No significant associations were observed with polymorphisms in the CD46, SLAM and CD209 genes and measles-specific IFN-␥ Elispot responses in the combined cohort of subjects following measles vaccine ( table 4 ). However, analysis of the Caucasian subjects revealed three potential associations (p ^ 0.05) between SNPs belonging to the CD209 gene (rs8105572, p = 0.016; rs11881682, p = 0.022, and rs7252229, p = 0.047, D 6 0.87) and IFN-␥ Elispot responses after measles vaccination. Intronic SNP rs7252229 in the CD209 gene was associated with antibody levels in African-American subjects (p = 0.039) and was also associated with MV-specific IFN-␥ Elispot immune response in Caucasian subjects (p = 0.047). Importantly, we found an association between a coding SNP (rs164288) located in the SLAM gene and measles IFN-␥ Elispot responses in African-American subjects. Specifically, major allele G for a synonymous SNP in exon 3 (rs164288, Thr ] Thr at amino acid 210) of the SLAM receptor gene was associated with variations in IFN-␥ Elispot responses (p = 0.038). However, we did not find any AA genotype in our African-American cohort. The previous finding (in our earlier study) [24] of an allele dose-response relationship with measles antibody levels for this coding SNP rs164288 in the SLAM gene strengthens our finding. This provides evidence for the potential role of this coding SNP in cross-regulation of humoral and IFN-␥ Elispot immune responses after measles vaccine.
Associations between SNPs in the CD46, SLAM and CD209 Genes and Measles-Specific Cytokine Secretion
We found 66 potential associations (p ^ 0.05) with variations in MV-specific IL-2, IL-6, IL-10, IFN-␣ , IFN-␥ , IFN -1, and TNF-␣ secretion levels ( table 5 ) . Twentytwo associations (p ^ 0.01) with cytokine secretion were detected. No significant associations with measles-specific IL-2 secretion were found with polymorphisms in the CD46, SLAM or CD209 genes in both the combined A ll results are in median (IQR within first to third quartile). IQR = Interquartile range; SFC = spot-forming cells. a Elispot response is defined as the subject-specific median MV-stimulated response (measured in triplicate) minus the median unstimulated response (also measured in triplicate).
b Cytokine response is defined as the subject-specific median measles-stimulated response (measured in five replicates) minus the median unstimulated response (also measured in five replicates). cohort of subjects and in the subgroup of Caucasian subjects. In the subgroup of African-Americans, augmented representation of minor allele C for intronic SNP in the CD46 gene (rs2724382) was associated with an allele dose-related decrease in median IL-2 levels (15 vs. 29 pg/ ml, p = 0.012).
For the inflammatory cytokine IL-6, we replicated associations for the promoter SNP (rs2796267) in the CD46 gene in the combined cohort of subjects (p = 0.0006) and in our Caucasian (p = 0.004) subgroup. Analysis in the African-American subgroup revealed one significant association between SNP (rs11118516, p = 0.001) belonging to the CD46 gene and measles-specific IL-6 secretion levels.
SNP associations with measles-specific IL-10 secretion levels were also examined. No significant associations with measles-specific IL-10 secretion were found with polymorphisms in the CD46, SLAM or CD209 genes in either the combined cohort or in the cohort of Caucasian subgroup subjects. However, in AfricanAmericans intronic SNP (rs11265452, p = 0.0008) in the SLAM gene was associated with measles-specific IL-10 secretion levels. Pair-wise LD analysis found rs11265452 to be linked to rs2089088 (D = 0.91) that was associated (p = 0.023) with variations in IL-10 secretion. This intronic SNP (rs11265452) in the SLAM gene was previously suggested as being associated with measles vaccineinduced antibody levels [24] .
Further, we examined SNP associations with measlesspecific IFN-␣ secretion levels ( table 5 ). Increased representation of minor allele A for an intronic SNP rs2724384 of the CD46 gene was associated (already identified in our previous measles vaccine study) [24] with an allele doserelated increase (p = 0.007) in IFN-␣ levels in the combined cohort of study subjects. Similarly, increased representation of minor allele A for an intronic SNP of the CD46 gene (rs11118516) was marginally associated with an allele dose-related decrease in IFN-␣ levels (p = 0.040). For IFN-␥ we found two SNP associations with variations in MV-specific secretion in promoter SNPs belonging to the SLAM (rs2295614, p = 0.013) and CD46 (rs2796267, p = 0.017) genes in the combined cohort of subjects. None of these SNPs and their associations with IFN-␥ response could be replicated in a race-specific analysis of Caucasian subjects; however, these two SNPs replicated their associations with IFN-␥ response in an allele dose-dependent manner in the African-American subgroup (SLAM rs2295614, p = 0.016, and CD46 rs2796267, p = 0.020). In addition, the minor allele for rs4804806 positioned in the promoter region of the CD209 gene was associated (p = 0.0007) with an allele dose-related decrease in IFN-␥ secretion levels, a significant mediator of immune (and inflammatory) responses. Two CD46 SNPs (rs2796268, p = 0.001, and rs2724382, p = 0.007, D = 0.97) were significantly associated with variations in measles-specific IFN-␥ secretion.
IL-10
TNF-␣
SNP associations with MV-specific INF -1 secretion were also examined ( table 5 ). Cytokine INF -1, also known as IL-29, is a recently described cytokine that is linked to both the type I IFNs and IL-10 and displays strong anti-viral activity [39] . Specifically, increased carriage of major allele T for rs2295614 (p = 0.003) located in the 5 UTR region of the SLAM gene was associated with a dose-related increase (1.5-fold) in INF -1 levels in the combined cohort. Of note, in the combined sample we reproduced the association of an intronic SNP rs2724382 (p = 0.04) in the CD46 gene (already identified in the African-American subjects with an increased IFN-␥ secretion), and this minor allele was associated with an allele dose-related increase in INF -1 secretion. Promoter SNP rs2295614 in the SLAM gene was also associated with INF -1 response (4.8-fold increase, p = 0.008) in an allele dose-dependent manner in our Caucasian subgroup. Furthermore, increased carriage of the minor allele of the promoter SNP (rs12611071, p = 0.003) in the CD209 (DC-SIGN) gene was also associated with an allele dose-related increase (1.9-fold) in INF -1 secretion in our Caucasians. The African-American subgroup demonstrated an association with the promoter SNP rs17385878 (p = 0.020) of the SLAM gene (already identified in the AfricanAmerican subjects with increased IFN-␣ secretion in an allele dose-dependent manner), and this minor allele A was associated with an allele dose-related increase in INF -1 secretion.
Finally, for TNF-␣ , another proinflammatory cytokine, we found nine potential (p ^ 0.01) SNP associations with variations in measles-specific production and three of them were in promoter SNPs, belonging to the CD46 gene ( table 5 ) . The combined cohort demonstrated associations (range of p values: 0.0007-0.0048) between minor alleles of four SNPs (rs2724384, rs7144, rs2724385, and rs2796268) located in the CD46 gene and variations in TNF-␣ secretion, while these are not independent associations since these SNPs are in LD with each other (D : 0.97-0.99). Further, pair-wise LD analysis found rs2796268 to be linked to rs2724382 (D = 0.99) and was associated (p = 0.014) with variations in TNF-␣ secretion levels. The Caucasian subgroup demonstrated significant associations for these SNPs (rs2724384, p ! 0.0001; rs7144, p = 0.0003; rs2796268, p = 0.0005; rs2724382, p = 0.001, and rs2724385, p = 0.001) of the CD46 gene (already identified in the combined cohort) with measlesspecific TNF-␣ secretion. None of these SNP associations were found in the African-American subjects. Race-specific analyses in the African-American subgroup revealed four potential associations (range of p values: 0.012-0.024) in intronic or UTR SNPs belonging to the SLAM gene (rs10489635), two SNPs (rs11118516 and rs17006738, D = 0.66) belonging to the CD46 gene, and one additional SNP (rs2287886) belonging to the CD209 gene and MV-specific TNF-␣ secretion levels.
Associations between CD46 Haplotypes and Measles-Specific TNF-␣ Secretion
We also identified seven CD46 haplotypes with frequencies 6 1% in the Caucasian subgroup ( table 6 ) . A haplotype analysis revealed significant associations between TNF-␣ secretion and the CD46 haplotypes (global p value = 0.007). The CD46 haplotype AACGGAATG-GAAAG was significantly associated (p = 0.009) with lower (t-statistic: -2.61) measles-specific TNF-␣ secretion, while the GGCCGAGAGGAGAG haplotype was significantly associated (p ! 0.001) with elevated (t-statistic: 4.81) TNF-␣ secretion. The Haploview output of variants genotyped within the CD46 gene and their ordinary haplotypes associated with measles-specific TNF-␣ secretion are shown in figure 1 .
Discussion
An earlier study performed with twins demonstrated that antibody response to measles vaccine has a very high heritability of 89% [40] . Previous studies have demonstrated that polymorphisms at the HLA, cytokine/cytokine receptor, measles CD46 and SLAM receptor, TLR and intracellular signaling genes and other candidate immune response genes are associated with significant vari-ations in both humoral and CMI responses to measles vaccine [24, 31, [41] [42] [43] [44] . Genetic variations that influence immune responses to measles vaccine may also differ across racial groups. In this regard, replication studies in diverse populations are critical for better understanding the significance of reported associations, and for identification of causative genetic variants and functionally relevant SNP alleles.
The protective pathway by which humoral and CMI responses develop to live MV is a multi-step procedure: MV must first interact with its cellular receptors (CD46 and SLAM) and also trigger TLRs or viral sensors like the cytoplasmic RIG-1-like helicases generating innate immune responses. Following antigen processing and presentation by class I and class II HLA molecules, cytokine/ cytokine receptor gene activation takes place, with production of cytokines to stimulate Th1, Th2 and Th17 immune responses [45] [46] [47] [48] . MV also targets CD209 (DC-SIGN) to augment DCs infection and also uses CD209 for viral transmission and immune suppression [11] . Understanding the genetic and molecular mechanisms influencing immune responses to measles vaccine cannot be obtained without a clear understanding of the contribution of genetic variants of CD46, SLAM and CD209 receptor genes at the beginning of the pathway leading to immunity. To date, however, such data are incomplete.
An earlier study of 346 Caucasian subjects demonstrated that the presence of specific SNPs in the MV receptor binding region of the SLAM gene was associated with measles-specific antibodies [24] . In particular, a non-synonymous SNP in exon 7 (rs3976504, in LD with rs164288) of the SLAM gene was associated with lower antibody levels following measles vaccine (p = 0.01) [24] . In addition, we reported that the presence of homozygous genotype for SNP (rs12076998) positioned 33 base pairs upstream of the MV-binding domain (exon 1) of the SLAM gene was associated with lower antibody levels [24] . We also reported associations between three intronic SNPs in the CD46 gene and measles antibody levels (p ^ 0.01) [24] . Notably, an allele dose-related decrease (40%) in MV antibody response was observed with increased representation of minor allele C for an intronic SNP (rs11118580) of the CD46 gene. While the precise mechanism is still unclear, this SNP (rs11118580) may play an important function in the CD46 gene regulation [47, 48] .
This replication study validates the strongest associations between SNPs and measles-induced humoral (neutralizing antibodies) immunity discovered in our previous work with a new cohort of subjects. This is the first Fig. 1 . Haplotype block structure of the CD46 gene region in the Caucasian subgroup subjects. Three intronic (rs2724384, rs2724382 and rs2724385, D 6 0.99) and three 3 UTR/5 UTR (rs7144, rs2796268 and rs2796267, D 6 0.76) SNPs from the CD46 gene were associated with TNF-␣ secretion. The LD block structure was analyzed using Haploview software, version 3.32. The r 2 color scheme is: white (r 2 = 0), shades of grey (0 ! r 2 ! 1), black (r 2 = 1). Specifically, our results demonstrate that the association of the CD46 intronic SNP rs2724384 with measles-specific antibodies was replicated. Importantly, SNP rs2724384 in the CD46 gene appears to be an important SNP significantly associated (p = 0.0007) with lower MVspecific neutralizing antibody levels in an allele dose-related manner. This result is consistent with the data obtained in our previous measles vaccine humoral immunity study, where the levels of MV-specific IgG titer in serum were examined by using an enzyme immunoassay (Enzygnost, Dade Behring, Marburg, Germany) [24] . The previous finding of an association between this intronic SNP (rs2724384) in the CD46 gene and measles antibodies in a cohort of Caucasian subjects strengthens our confidence that the reported association is not a false positive due to chance alone [24] . Also, an allele doserelated decrease in MV-induced IFN-␣ responses was observed with increased carriage of the minor allele for this SNP rs2724384 in the CD46 gene in both our combined cohort (p = 0.006) and in the Caucasian subgroup (p = 0.001). The same intronic CD46 SNP, rs2724384, was observed to be associated with TNF-␣ (p = 0.0006) and IL-6 (p = 0.027) secretion in the combined cohort of subjects. This suggests that rs2724384 in the CD46 gene may also play a role in measles vaccine-induced immune responses and may have functional consequences regarding measles viral immunity.
A coding polymorphism (rs164288, Thr ] Thr at amino acid 210 in the Ig-like C2-type extracellular domain of the molecule) in the SLAM gene was associated with measles-specific IFN-␥ Elispot responses in AfricanAmerican subjects. The prior discovery of an allele doseresponse relationship with measles antibodies for this coding SNP rs164288 in the SLAM gene suggests a role for this polymorphism in controlling cross-regulation of vaccine-specific humoral and CMI responses [24] . Besides acting as a MV receptor, SLAM is involved in lymphocyte activation, cell proliferation, antigen binding, and trans-membrane receptor activity [7] [8] [9] . Recent studies have demonstrated that engagement of the SLAM receptor augments antigen-specific lymphocyte proliferation and Th0/Th1 cytokine secretion profile (specifically, strong upregulation of IFN-␥ ), in a CD28-independent manner [49] . Another polymorphism (rs11265452) was also found in the SLAM gene associated with measlesspecific IL-10 production in the African-American subgroup. An earlier finding of an association between this intronic SNP (rs11265452) in the SLAM gene and variations in measles antibodies provides evidence for a potential involvement of this specific SNP in cross-regulation of antibody and cytokine secretion patterns [24] . In this regard, human IL-10 is known to suppress cytokine secretion of Th1 cells and the activity of macrophages; however, IL-10 is also known to stimulate plasma cells, increasing antibody secretion [50] . These and additional cross-regulation cytokine secretion patterns found in our study cohorts offer further evidence that these genetic determinants are implicated in the mechanisms underlying inter-individual differences in measles vaccine-induced immune responses.
In the current study, several SNPs were found in the MV binding domain of the CD46, SLAM and cellular pathogen recognition receptor CD209 genes (and some of these SNPs were associated in an allele dose-related manner). Our data show associations between promoter (rs11881682) and intronic (rs8105572 and rs7252229) SNPs in the CD209 gene and measles-specific IFN-␥ Elispot responses in Caucasian subjects. De Witte et al. [11] demonstrated that CD209 (DC-SIGN), as an attachment receptor, augments CD46/SLAM (CDw150)-mediated MV infection of DCs, whereas only DC-SIGN, but not SLAM receptor, is involved in the MV infection of CD4+ and CD8+ T cells [16] . These observations indicate that CMI responses to MV infection (or live MV immunization) may also be influenced by genetic polymorphisms in the CD209. Although these SNPs in the CD46, SLAM and CD209 genes are not associated or are not in LD with recognized polymorphisms in the coding or promoter sequences of respective genes, associations can potentially be mediated through noncoding polymorphisms that have an effect on gene expression [51] .
Our results offer evidence for associations of variants in promoter and intronic regions of CD46, SLAM and CD209 genes with MV-specific secreted cytokine responses, such as IFN-␥ Elispot, IL-2, IL-6, IL-10, IFN-␣ , IFN-␥ , IFN -1, and TNF-␣ . The most significant associations were observed with the CD46 gene (range of p values: 0.00002-0.001). We identified a polymorphism in the CD46 intronic region (rs2724382 that is in LD with rs2724384, D = 0.99) that was associated with secretion of several cytokines, such as IL-2, IFN-␣ , IFN-␥ , IFN -1, and TNF-␣ , suggesting that Th1/proinflammatory immune responses to MV may be influenced by polymorphisms in the CD46 gene. In addition to CD46 SNPs, our study identified genetic variants within the SLAM gene.
In our study, rs2753260 that is in LD with rs11265452 (D = 0.80), rs11265452, and rs2089088, all of which are in pair-wise LD in the SLAM gene, emerge as significantly associated with variations in measles-induced IL-6 and IL-10 secretion, respectively, in African-Americans. In addition, we identified an individual promoter SNP (rs4804806) in the CD209 gene that appears to influence measles-induced IFN-␥ and IL-2 secretion levels in African-American subjects. Additional studies are required to validate these genetic associations and exclude the likelihood of false-positive associations. Understanding the functional and mechanistic consequences of these genetic variations on immune response variations could assist in directing new vaccine design and generate new hypotheses applicable to developing new measles vaccine candidates (i.e. 'vaccinomics -the application of immunogenomics and immunogenetics to understanding the biologic basis of vaccine response' [47, 48] ).
The strengths of our study include a large sample size (764 subjects) with documented measles vaccine coverage, a population-based study approach, and a comprehensive analysis of measles vaccine virus-specific genotype-phenotype associations. Humoral and CMI laboratory measurements reflected measles vaccination and not disease, since our study subjects were residents of Rochester, Minn., USA, a community where no case of wildtype MV infection had been registered during their lifetimes. We observed statistically significant higher antibody levels (p = 0.02), higher IFN-␥ Elispot responses (p ! 0.001), higher IL-6 secretion (p = 0.02), and lower IL-2 secretion (p ! 0.001) in cohort 1 subjects compared to cohort 2 subjects. We accounted for the possible confounding effects of cohort status by including it as an adjustment term in all association models. We also accounted for waning immunity phenomenon in our statistical association models and, thus, we do not expect variation in the timing of the evaluation to bias any of our association results. Our analysis was performed on cohorts of Caucasian and African-American subjects and a combined cohort of Caucasian, African-American and other subjects, allowing for validation of suggested associations in a race-specific manner. The study was carried out within the guidelines of the NCI-NHGRI (National Human Genome Research Institute) Working Group on Replication in Association Studies and other expert reviews [52] . A clear message from these reviews is to perform replication studies in a population as closely matched to the discovery cohort as possible [53] [54] [55] .
Limitations of our study include a relative under-representation of African-American subjects (n = 89). Our results can not be applied to Hispanic or other ethnic groups that we did not study. It is possible that critical associations may have been missed because of the limits in power resulting from a small African-American subgroup of study subjects. Thus, we reported all tests that reached the 0.05 level of significance. This led to another limitation. We examined a total of 55 SNPs, each on a set of 9 immune response outcomes and across 3 racial groups, for a total of 1,485 statistical tests. Assuming independent tests for association, one would expect 74 associations to be statistically significant based just on chance alone (at p = 0.05). We found 82 such associations across the measures of MV-induced immunity. Further, many of these associations were replicated across two separate cohorts -increasing confidence in our findings. In addition, our subjects were studied several years after their second dose of MMR. This is appropriate as our studies are clinically focused and center on understanding genetic associations with long-term immunity -the 'type' of immunity that does or does not protect against disease when exposed later in life.
In conclusion, we have shown a strong relationship including validation between polymorphisms in the CD46, SLAM and CD209 genes influencing humoral and CMI responses after two doses of measles vaccine. Our previously detected association of the CD46 SNP rs2724384 with measles-specific antibodies was successfully replicated in this study. Furthermore, this polymorphism (rs2724384) demonstrated associations with measles-specific IL-6, IFN-␣ and TNF-␣ responses. Five SNPs, not previously reported, were identified in the CD209 gene and were significantly associated with measles-specific antibodies. We also found a coding polymorphism (rs164288) in the SLAM gene demonstrating associations with measles-specific antibody and IFN-␥ Elispot responses in two separate studies. A polymorphism (rs11265452) in the SLAM gene previously associated with measles antibody levels demonstrated an association with measles-specific IL-10 secretion in this study. We identified associations between haplotypes in the CD46 gene and measles-specific TNF-␣ secretion. Causal functional genetic variations responsible for these replicated associations need to be identified in future studies. Future studies should also examine the possibility that multigenic SNP interactions across the CD46, SLAM and CD209 and additional genes may be involved in the genetics of measles vaccine immune response. These data will improve our understanding of the genetic determinants of measles vaccine immunity and may lead to novel vaccination strategies as well as possible new adjuvants and vaccines.
